Abstract. This contribution proposes a new approach for the ponderomotive description of electron acceleration in ICRF discharge initiation. The motion of electrons in the parallel electric field E z is separated into a fast oscillation and a slower drift around the oscillation centre. Three terms are maintained in the Taylor expansion of the electric field (0 th , 1 st and 2 nd order). The efficiency for electron acceleration by E z (z, t) is then assessed by comparing the values of these terms at the slow varying coordinate z 0 . When (i) the 0 th order term is not significantly larger than 1 st order term at the reflection point, or when (ii) the 2 nd order term is negative and not sufficiently small compared to the 1 st order term at the reflection point, then the electron will gain energy in the reflection. An example for plasma production by the TOMAS ICRF system is given. Following the described conditions it can be derived that plasma production is (i) most efficient close to the antenna straps (few cm's) where the field gradient and amplitude are large, and (ii) that the lower frequency field accelerates electrons more easily for a given antenna voltage.
Introduction
According to Tripský et at. [1] , the density evolution in the initial phase of an ICRF discharge can be subdivided into 4 phases characterised by their dominant physics mechanisms. While in later stage (phase III and IV) collective plasma effects are playing an important role, in phases I and II the ionisation rate can be assessed from single electron motions in the antenna vacuum electric field component parallel to the toroidal magnetic field, E z (z, t). The electron acceleration by E z (z, t) is described by Lyssoivan [2] . The theory separates the motion of charged particles into a fast oscillation and a slower drift around the oscillation centre. Rewriting the velocity and position as v z = v 0 (t) + v 1 (t) and z = z 0 (t) + z 1 (t), the antenna electric field acting on charged particles around the slowly varying coordinate z 0 can be written in a Taylor series expansion:
In the work of Lyssoivan [2] , the Taylor series expansion retains the zeroth-and first-order term. Adding to this theory, for the purpose of this contribution, we introduce as well the quadratic term. Under the condition that z 0 varies slowly, we write two equations of motion representing the e-mail: t.wauters@fz-juelich.de fast (eq. 2) and the slow (eq. 3) dynamics
where · · · stands for the averaging over the fast oscillation period. The second order term is introduced in the equation of motion of the fast oscillation (eq. 2) as its sign will determine whether the oscillation is focussing around z 0 or defocussing (unstable). From eq. (2) the spatial oscillation amplitude can be derivedẑ 1 = E z (z 0 )q e /m e ω 2 as well as the minimum electric field value for which the kinetic energy of the oscillating electron overcomes the ionization potential ion [2] :
From eq. (3) follows the ponderomotive force responsible for the slow drift of the oscillation centre z 0 with potential [2] :
In order to represent with accuracy the electron motion using eq. (2) and (3), the first and second order term need to be smaller than the zeroth and first order term by factor ξ v,1 (eq. 6) and ξ v,2 (eq. 7) respectively,
where excursion z 1 can be taken as the amplitudeẑ 1 of the zeroth order oscillation. The latter validity conditions are then summarised as
In the following, single electron simulations will be interpreted in light of the above validity limits.
Single electron simulations and interpretations
It is observed in PIC-MCC simulations with code RFdinity1D [1] that upon powering the ICRF antenna, initial electrons present in the torus are quickly expelled from the antenna area. Plasma production by ICRF antennas at typical ICWC pressure levels below 5 · 10 −4 mbar [3] relies therefore on the ability of the E z profile to change the energy (initial vs. final) of the electrons encountering the antenna area (passing electrons or reflected electrons).
Using a single electron model we investigate the threshold initial energy level tr above which an electron is able to gain energy from the E z field. Parametric dependencies on field amplitude E 0 , frequency f and shape σ are investigated. The electric field profile is parametrised as Parametric scans for the electric field amplitude (E 0 ), frequency ( f ) and shape (σ) are plotted in Figure 1 , resp. subfigures a), b) and c). The observed tendencies in these numerical experiments can be interpreted in light of the electric field threshold Eq. (4) and validity limits Eq. (8) and (9). of an electron that approaches the antenna climbs up the ponderomotive potential (eq. 5). In case the initial electron energy is smaller than the maximum ponderomotive potential 0 < max(Φ p ), it will be reflected. The initial energy equals the final energy ( 0 ≈ f ) as long as ξ 1 < ξ v,1 ≈ 0.29 at the reflection point z r . The electron was found to acquire energy from the vacuum electric field in case ξ 1 > ξ v,1 at the reflection point. The reflection point corresponds to the location where the initial energy equals the ponderomotive potential (Φ p (z r ) = 0 ). The threshold energy tr can therefore be taken as the ponderomotive potential at the location where ξ 1 = ξ v,1 .
2. When validity limit eq. (8) is fulfilled for the entire electric field shape at the antenna edge (ξ 1 < ξ v,1 ), i.e. at intermediate E 0 , f and σ, then the threshold energy tr is determined by validity limit eq. (9). The single electron simulations showed that the final energy after reflection may differ from the initial energy as soon as the oscillation centre enters the area with negative second order term. This is understood from eq. (3); a positive second order term focusses the oscillating electron around the slowly varying coordinate, while a negative second order term leads to an unstable oscillation (defocussing). The initial energy equals the final energy ( 0 ≈ f ) as long as ξ 2 < ξ v,2 ≈ 0.0475 at the reflection point z r . The threshold energy tr approximates the ponderomotive potential at the location where the second derivative of the electric field profile turns negative.
3. When both conditions (eq. 8 and 9) are fulfilled, then tr is determined by the maximum ponderomotive potential. Only electrons with initial energy larger than the ponderomotive potential 0 > max(Φ p ) are able to enter into the antenna area and eventually to gain energy.
4.
At low E 0 , high f or high σ, the electrons are unlikely to gain sufficient energy for ionisation in interaction with the vacuum electric field regardless of their initial energy (eq. 4).
Assessment of TOMAS ICRF vacuum electric field for plasma production
The above derived and studied set of conditions for electron acceleration by the parallel vacuum electric field in toroidal devices allows to pre-assess the ability for any ICRF antenna geometry, phasing, input power and frequency to initiate plasma as function of, e.g., the radial coordinate R. An example for the TOMAS ICRF system [4] is shown in figure 2 for an input voltage of 1.5 kV, corresponding to ∼ 3 kW of forward RF power. 
